Summary: Dopamine and oxygen (02) were measured in the caudate nucleus of anesthetized rats and in striatal slices during electrical stimulation. Simultaneous electro chemical detection of dopamine and O2 was accom plished with fast-scan cyclic voltammetry at a Nafion coated carbon-fiber microelectrode. Stimulation of the medial forebrain bundle resulted in synaptic overflow of dopamine in the caudate nucleus. At the same time, O2 concentration increased in the extracellular fluid with two separate phases. The amplitude of the initial increase di rectly correlated with the frequency of the stimulus, with the time of maximum concentration reproducible across a range of frequencies. The second increase occurred at later times with a more random amplitude and with a broad, variable shape. Agents which blocked vasodilation affected both phases: atropine attenuated the initial inOxygen is an essential substrate for normal brain fu nction. Of central interest are the chemical and physiological mechanisms which regulate its con sumption and availability during neuronal activity. Such processes may occur rapidly in order to meet the energy requirements associated with biochemi cal changes such as ion transport, exocytosis, me tabolism, and uptake during neuronal communica tion. Oxygen consumption accompanies ATP syn thesis by oxidative phosphorylation, a process whose rate can be regulated by cellular energy re- 
crease, while the second feature was nearly absent after theophylline. Yohimbine and a-methyl-p-tyrosine did not affect the O2 responses. Local electrical stimulation of the slice preparation also resulted in dopamine overflow, but a prolonged decrease in O2 concentration accompa nied this event. Striatal field stimulation in vivo produced changes in O2 concentration dependent on the relative position of the stimulating and working electrodes, but none of the responses resembled that seen in the caudate slice. Thus, while measurements in brain slices show O2 consumption as a result of stimulated neuronal activity, an apparent elevation of local cerebral blood flow during and after stimulation dominate the in vivo response. Key Words: Voltammetry-Caudate nucleus-Rat-Cerebral blood flow-Catecholamines.
quirements (Sokoloff, 1981) . In addition, a variety of chemically mediated factors can alter local blood flow to affect the flux of O2 and other blood-borne species to and from the tissue (Pickard, 1987; Ed vinsson et aI., 1987) . The instantaneous concentra tion of O2 in the extracellular environment of the brain reflects the net effect of all these interdepen dent dynamic processes. A close correlation exists between local O2 metabolism and local blood flow in many regions of the resting brain (Lebrun Grundie et aI., 1983; Raichle et aI., 1976) . During transient stimulations, detection of changes in this balance requires methods with high time resolution.
Recently. we introduced a new electrochemical technique which makes possible the simultaneous local detection of dopamine and O2 in brain tissue with a single microelectrode (Zimmerman and Wightman, 1991) . Providing chemical signals of both a neurotransmitter and an essential substrate for oxidative metabolism, this technique yields more information than classical polarographic methods of O2 determination (Hitchman, 1978) . Carbon-fiber electrodes are used with fast-scan cy clic voltammetry to measure the concentration of the two substances with 100-ms time resolution and spatial resolution of less than 100 /-Lm. Carbon-fiber microelectrodes have been routinely used for the voltammetric detection of dopamine overflow in the rat brain and brain slices (Millar et al., 1985 ; for reviews see Marsden et aI., 1988; Wightman et aI., 1988b) . This readily accomplished extension of the voltammetric technique to include O2 detection pro vides significant advantages over previous polaro graphic methods of O2 detection (Zimmerman and Wightman, 1991) . The rapid simultaneous measure ment of the catecholamine neurotransmitter and O2 provides an ideal way to study in real time the re lation between synaptic transmission, O2 consump tion, and O2 supply under conditions of neuronal activation of internal brain structures.
In this study we present results of real-time in vivo detection of O2 levels and dopamine overflow in the caudate nucleus of the rat during electrical stimulation of the medial forebrain bundle (MFB). Electrical stimulation of the MFB leads to a fre quency-dependent increase of dopamine overflow in the caudate nucleus of the rat (Millar et al., 1985; Wightman et aI., 1988a) . Porrino et al. (1990) have shown that similar stimulations lead to enhance ment of the local metabolic rate of glucose in the caudate nucleus. Here, we will show that MFB stimulation leads to rapid concentration changes of O2 in the extracellular fluid of the caudate nucleus. Our results, however, do not support a direct con nection between dopamine release and O2 levels in the striatum (Lavyne et aI., 1977) . The results do give insights into the factors which regulate O2 con centrations in the extracellular fluid of the caudate nucleus during neuronal activation.
METHODS

Electrochemistry
Each carbon-fiber disk working electrode was fabri cated from a single 5-J..L m radius carbon fiber sealed with epoxy into a pulled glass capillary (Kelly and Wightman, 1986) . Bevelled at a 25° angle on a polishing wheel to give an elliptical electrode surface (major radius <25 J..L m), the tip was dip-coated with the perfluorinated cation exchange polymer, Nafion (Aldrich, Milwaukee, WI), as described previously (Kristensen et aI., 1987) . The Nafion polymer film provides discrimination against in terference by anions such as ascorbate and 3,4-dihydroxyphenylacetic acid (DOPAC) and also protects the electrode surface (Baur et aI., 1988; Gerhardt et aI., 1984; Nagy et aI., 1985) . A saturated sodium calomel elec trode (SSCE) was used as the reference in the two-J Cereb Blood Flow Metab, Vol. 12, No.4, 1992 electrode cell. Fast-scan cyclic voltammetry was imple mented with an EI-400 potentiostat (Ensman Instrumen tation, Bloomington, IN) under software and hardware control from an IBM PC with a commercial interface board (Tecmar Labmaster, Scientific Solutions, Solon, OH). The potential waveform for cyclic voltammetry consisted of an initial anodic excursion to + 0.8 V from the resting potential of 0.0 V, reversal to a cathodic scan to -1.3 V, followed by a return scan to the resting po tential. At a sweep rate of 400 V s -I, the complete scan occurs in 10.5 ms. Scans were repeated continuously at regular intervals, usually 100 ms. Background subtraction of the voltammograms was accomplished with the use of data obtained immediately before exposure to the analyte for calibration, or before initiation of the stimulus in the experiment. Current versus time plots were constructed from the average of the current values in a 200-m V win dow centered on the region of interest in each voltammo gram, as a function of the time of acquisition of the vol tammogram. For O2 the reduction peak near -1.2 V is used, while dopamine data is derived from the oxidation peak near + 0.6 V. Other signal-processing procedures were described previously (Baur et aI., 1988) .
Electrode characterization and calibration were con ducted with a flow-injection system (Baur et aI., 1988; Zimmerman and Wightman, 1991) . The buffer normally employed in the flow stream was 150.0 mM NaCI and 20 mM N-2-hydroxyethylpiperazine-NI-2-ethanesulfonic acid (HEPES) at pH 7.4. Dopamine solutions were pre pared fresh daily in this buffer by dilution of aliquots from a stock solution of 10 mM dopamine in 0.1 N HCl04• Calibrations for dissolved O2 used three solutions: N2-purged NaCI solution, air-saturated solution, and O2-saturated solution.
In vivo experiments
Male Sprague-Dawley rats (300-500 g) were anesthe tized with urethane (1,500 mg kg-I, i.p.) and mounted in a stereotaxic frame (David Kopf, Tujunga, CA). Core temperature was maintained with an isothermal heating pad (Deltaphase, Braintree Scientific, Braintree, MA). The skull was surgically exposed and small holes drilled for placement of the voltammetric and stimulating elec trodes.
To measure changes in dopamine and O2 simulta neously in the caudate nucleus in response to electrical stimulation of the MFB, the carbon-fiber microelectrode was first placed in the caudate (AP + 1.2, ML 2.0, DV -4.5 mm, as measured from bregma and dura; Paxinos and Watson, 1986) . All electrical stimulations were made with a twisted bipolar stimulating electrode (Plastic Prod ucts, Roanoke, V A) implanted 4.5 mm posterior to the bregma and 1.6 mm lateral to the central suture, ipsilat eral to the carbon-fiber electrode; it was lowered 7.5 mm from dura. A 60-Hz train of biphasic current pulses (each half 300 J..L A amplitude and 2 ms duration) was passed at the stimulating electrode as it was lowered further until a significant oxidative current increase indicating dopamine overflow was observed at the carbon-fiber electrode in the caudate nucleus. All stimulations described were un der software control such that the voltammetric scans were performed in the quiet interval between stimulus pulses in order to avoid electrical interference. A 30-min wait was observed before any further stimulations were administered. Measurement of the response to a 2-s stim ulus (30 or 60 Hz) at 100-J..L m increments through the cau-date nucleus allowed optimization of the position of the carbon-fiber electrode within the structure. The electrode in the frontal cortex region was implanted to coordinates AP + 3.0, ML + 2.0, DV -1.5 mm, with reference to bregma and dura.
For striatal field stimulation experiments, the twisted bipolar stimulating electrode was implanted in the cau date nucleus at the location where the carbon-fiber elec trode was normally placed. The carbon-fiber electrode was implanted at an angle of 12° with respect to the ver tical axis such that its tip would reach the same coordi nates as those of the stimulating electrode, and was ini tially lowered to a distance 1.0 mm from that point.
All pharmacological agents were dissolved in saline so lution so that the dose indicated would be administered in a volume of approximately 2 ml, heated in a water bath at 50°C for complete dissolution if necessary, and then maintained at 37°C until administration. After preparation of the rat for recording as described above, a set of stim ulations (10--50 Hz, 2-s duration) was performed to deter mine the control response. The rat was then injected with the drug. After a wait of 20 min [2 h for o:-methyl-p tyrosine (o:-MPT)], the set of stimulations was repeated.
Significance tests were performed with the Student's t test for paired data.
In vitro experiments
Striatal slices were prepared and maintained as de scribed before (Kelly and Wightman, 1987; Alger et aI., 1984; Kennedy et aI., 1992) . A 350-f1m thick slice was transferred to a Scottish-type slice chamber and main tained at 35°C at a flow rate of 1 ml min � I of gassed Krebs buffer (composition, in mM: NaCI, 126; KCI, 2.5; NaH2P04, 1.2; MgCI2, 1.2; CaCI2, 2.4; (+ )-D-glucose, 11; and NaHC03, 25) saturated with 95% O2, 5% CO2, A twisted bipolar stimulating electrode (same type as used in vivo) with a tip spacing of 0.5 mm was held just above the surface of the slice and 0.1 to 0.2 mm from the carbon fiber electrode. The carbon-fiber electrode was inserted to a depth of 75 f1m. Dopamine and O2 concentrations were measured electrochemically with fast-scan cyclic voltammetry as described above before, during, and after application of the electrical stimulation.
Reagents
Materials and reagents were obtained from standard sources and used as received. Dopamine-HCI (3-hydroxytyramine-HCI), tetrodotoxin, atropine, o:-methyl DL-p-tyrosine, and urethane were obtained from Sigma Chemical Co. (St. Louis, MO). Theophylline was ob tained from Aldrich Chemical Co. (Milwaukee, WI). Yo himbine-HCI was a gift from Dr. Ivan Mefford.
RESULTS
Stimulation of the MFB causes simultaneous dopamine overflow and an increase in
O2 concentration
Preliminary experiments showed that simulta neous O2 and dopamine concentration changes oc cur in the caudate nucleus only when the stimulat ing electrode is at the level of the MFB. In three rats, the stimulating electrode was initially posi tioned -2 mm above the MFB. Stimulation at most locations above the MFB as the electrode was low ered resulted in no measured change in the concen tration of either substance in the caudate nucleus. In two animals, a delayed increase in O2, but not dopamine, was observed in response to a 5-s, 60-Hz stimulation with the stimulating electrode 1 mm above the MFB: The increase in striatal O2 started more than 3 s after stimulus initiation. The third animal showed no striatal response until stimulation was applied to the MFB.
When the stimulating electrode reached the level of the MFB, large concentration changes in both dopamine and O2 were observed. Typical responses are shown in Fig. 1 . The insets show background subtracted cyclic voltammograms obtained at the time of the stimulus termination and later after de cay of the catecholamine signal. The shapes of these voltammograms agree with those obtained for dopamine and O2 in vitro (Zimmerman and Wight man, 199 1). A through C show the response of the monitored signals as a function of time with a plot of (A) the reduction current for O2 from each voltam metric sweep, (B) the background current from each sweep, and (C) the oxidation current for do pamine from each sweep. Each point in the plot is extracted from a single cyclic voltammogram. Note the increase in dopamine concentration during the stimulation interval. The O2 signal also increases rapidly during the stimulation interval, with a sub-
: sequent decline followed by a second rise in O2 con centration.
Characterization of the O2 change in the caudate nucleus
Since the striatum is a microscopically heteroge neous structure, both in terms of dopamine release sites (May and Wightman, 1989) and circulatory vasculature, the microelectrode signal can be ex pected to show behavior dependent on the elec trode's position relative to a site of dopamine re lease, a blood vessel (as indicated by a prompt re sponse of the O2 signal to the stimulus), or both. The heterogeneity of the striatum is revealed in the various dopamine and O2 responses observed with 5-s 60-Hz stimulations of the MFB with the position of the carbon-fiber electrode lowered in 100-j.lm in crements through the caudate. The range of stimu lated O2 concentration increases was from 37.5 to 67.2 j.lM; that for dopamine was from 2.1 to 40 j.l M (n = 3 animals). Some responses from a single an imal are shown in Fig. 2 .
The biphasic response in the O2 concentration to electrical stimulation of the MFB seen in Fig. 1 and at a depth of -4.4, -4.6, and -4.8 mm in Fig. 2 was typically observed (25 of 27 rats). The two phases of the O2 response were examined with stim ulations from 5 to 60 Hz of fixed 2-s duration (n = 7 animals) with the position of the electrode opti mized to observe each phase. At all frequencies, the first maximum occurred 3.8 ± 0.3 s after initiation of the stimulation. The occurrence and amplitude of the second broader maximum was more variable and depended upon electrode position in the stria tum. In seven animals the maximum of the second broader peak occurred at 12.7 ± 1.7 s. The ampli tude of the first O2 concentration change increased with frequency (Fig. 3) . The amplitude of the sec ond increase showed no systematic variation with stimulus frequency (data not shown).
Pharmacological studies
To probe the origin of the O2 increases observed in the caudate in response to the MFB stimulation, the effect of several pharmacological agents was evaluated (Fig. 4) . Neither a-methyl-p-tyrosine (l00 mg kg-I, i.p., n = 3), a dopamine synthesis inhib itor, nor yohimbine (l mg kg-I, i.p., n = 4), an a2 antagonist, produced a significant change in either phase of the stimulated O2 response. The efficacy of the a-methyl-p-tyrosine injections was confirmed since stimulated dopamine overflow decreased be low the limit of detection. Theophylline (60 mg kg-I, i.p., n = 4), an adenosine receptor antago nist, decreased the size of the second O2 peak to 9 ± 8% of control values, whereas the first increase was unchanged (lIO ± 40% of control). Figure 5 shows data from a single animal treated with the ophylline. Atropine (5 mg kg-I, i. p., n = 4), a mus carinic receptor antagonist, decreased the ampli tude of the initial O2 increase to 47 ± 18% of the predrug response. In two animals where the size or position of the second increase made measurement of the initial increase ambiguous, theophylline was given in addition to atropine. A lower dose of atro pine (l mg kg-I, i.p.) failed to produce a significant difference in the O2 response (data not shown).
Anatomical investigations
In two rats, a second carbon-fiber electrode was placed in the frontal cortex. In these cases, MFB stimulation produced an O2 increase smaller in am plitude than that measured simultaneously in the caudate (Fig. 6C and D) . Figure 6A shows the do pamine overflow in the caudate during the lO-s stimulation; no catecholamine overflow was de tected in the cortex (Fig. 6B ).
To allow comparison of results obtained in vivo with those obtained in the striatal slice preparation, the stimulating electrode was placed in the caudate nucleus (n = 4). The response to 2-s 30-Hz field stimulations was recorded as the carbon-fiber elec trode was advanced toward the stimulating e1ec- trode at O.2-mm intervals. The response of O2 de pended on the location of the working electrode with respect to the stimulating electrode. In two out of four rats the majority of the responses showed an increase in O2 concentration while in the other two cases the majority of the responses showed de creases in O2 concentration. However, even in these two cases, O2 was found to increase at some electrode locations.
In vitro measurements
The changes in dopamine and O2 concentrations recorded with this technique during local electrical stimulation of a striatal slice have been previously reported (Kennedy et aI., 1992) . Voltammograms recorded during the stimulation shows that dopa mine increases in concentration in the extracellular fluid of the slice, but in contrast to the results in vivo, the local concentration of O2 does not change. Approximately 1 s after the stimulation begins, the voltammogram shows that O2 decreases, an oppo site effect from that described in the above studies. The current versus time traces show that the dopa mine concentration change is transient during the stimulation. The decrease in O2 concentration oc curs after the rapid decay of the catecholamine sig nal and reaches a minimum approximately 15 s after initiation of the stimulus. The amplitude of the at tenuation in O2 concentration decreases with lower frequency stimulations (Fig. 7) .
DISCUSSION
The results of this paper show that during activa tion of the MFB in intact, anesthetized rats, both dopamine and O2 concentrations increase in the ex- TIme (5) TIme (5) tracellular fluid of the caudate nucleus. A conse quence of activation of the nigrostriatal pathway (Kuhr et aI., 1987) , the rise and fall of extracellular dopamine concentrations (Fig. 1 C) during stimula tion have been previously characterized (Wightman et aI., 1988a; Wightman and Zimmerman, 1990) . Observation of dopamine overflow in the caudate nucleus is anatomically specific; the stimulating electrode must be placed at the level of the MFB (Kuhr et aI., 1984) . Furthermore, the small size of the working electrode enables resolution of the het erogeneous nature of dopamine overflow in the cau date nucleus, presumably a reflection of the distri bution of nerve terminals within this structure (May and Wightman, 1989). In the experiments reported here, the criterion for optimization of electrode po sition was a stable, rapid O2 response, so the loca tions chosen only rarely coincided with the sites with large rapid dopamine responses. The dopa mine responses measured in this work bear the characteristics of an electrode positioned relatively far from the release site: attenuated amplitude, de layed rise after initiation of stimulus, and delayed decrease after stimulus termination. The observed response to O2 also appears to be specific to electrical stimulation of the MFB, not a more general response to current flow in the brain. When the stimulus was applied at a position dorsal to the MFB, normally no response was seen. In cases where stimulation in a location other than the MFB produced a response, the increase in O2 was delayed with respect to the stimulation. A possible location for the stimulating electrode in these cases is the intralaminar nuclei of the thalamus, which have both direct and indirect projections to the cau date putamen (Jones and Leavitt, 1974) . During MFB stimulation, the shape and amplitude of the observed O2 concentration increase depends on the carbon-fiber electrode position within the caudate nucleus (Fig, 2 ).
An increase in O2 levels in response to an elec trical stimulus has been reported before: Local O2 partial pressure in cat cortex increased during direct electrical stimulation (Leniger-Follert and Lubbers, 1976) . However, the shorter response time of the technique employed in this work allows resolution of a biphasic increase in O2 induced by electrical stimulation of the MFB. The O2 concentration in vivo increases (Fig. lA) during MFB stimulation in a similar manner to dopamine. A second increase in O2 concentration occurs after clearance of dopa mine (Figs. 1 and 2 , especially at -4.4 to -4.8 mm; Fig. 5, control) . The cyclic voltammograms ob tained at both peaks (Fig. 1) confirm that the in crease in each case is due to O2, The initial increase is reproducible from one stimulus to the next, while the more delayed feature is more variable with the respect to the position of the working electrode, both in terms of time and amplitude. Furthermore, that the two increases respond very differently to the stimulation frequency suggests a different mechanism for the two responses.
The local concentration of O2 in extracellular fluid is a function of several factors such as the rate of local aerobic glucose metabolism, local cerebral blood flow, and diffusion of O2 from the capillaries to sites of consumption. As the observation of do pamine overflow and uptake would imply, MFB stimulation increases the local metabolic rate in the caudate nucleus shown with the 2-deoxyglucose method (Porrino et aI., 1990) . If the rate of oxidative metabolism increases, then the local O2 concentra tion should decrease unless other mechanisms re plenish the O2 supply. Indeed, an increase in local blood flow does accompany an increase in O2 con centration in the cortex during electrical stimulation (Leniger-Follert and Lubbers, 1976) . Therefore, we investigated the response of O2 and dopamine to local electrical stimulations in caudate slices, a preparation in which blood flow cannot play a role. The response in caudate slices to a similar stimula tion paradigm show that dopamine increases while O2 decreases as a result of the stimulation. The O2 response is preceded by dopamine overflow, blocked by tetrodotoxin, and is Ca 2 + (Kennedy et aI., 1992) and frequency dependent (Fig. 7) , all of which indicate that the O2 response in slices is a function of increased O2 consumption as a conse quence of neuronal activation.
Direct comparisons between the results in the slice preparation can be made with those obtained during local stimulations in the intact animal. These results were more variable than those found in slices or with MFB stimulation: The O2 response ranged from a fall followed by a positive overshoot to an immediate increase upon stimulation. These in vivo observations are similar to those found previ ously in the cortex (Silver, 1978) , where the posi tive-going signal was attributed to flow overcom pensation to the stimulus event, while the decrease in O2 signal, where observed, was attributed to met abolic consumption. Even in cases where a strong decrease is observed in vivo (data not shown), the recovery is much faster than in the slice. Thus, the different responses found in vivo and in slices dem onstrate the importance of blood flow in the in vivo preparation.
Pharmacological agents also have been used to investigate the effect of electrical stimulation of the MFB on local blood flow. Although previous evi dence suggested that stimulated release of dopa mine could cause reduced blood flow to the stria tum (Lavyne et aI., 1977) , in this study dopamine overflow does not appear to be involved either di rectly or indirectly in the observed increase in O2 concentration. Depletion of releasable dopamine by the combined regimen of synthesis inhibition and stimulation did not change the stimulated response of O2 significantly (Fig. 4) . Similarly, yohimbine, a blocker of a-2 receptors which control blood flow in arterioles Leffler, 1987a, 1987b; Onesti et aI., 1989) , had no effect on the observed re sponses. Indeed, dopamine is viewed as a vasocon strictor (Toda, 1976; Edvinsson et aI., 1978) ; as such, its action would lead to a decrease in extra cellular O2 levels. The concentrations required for this effect, however, exceed by lO-fold those which occur in the extracellular fluid during electrical stimulation (Busija and Leffler, 1989) .
The adenosine antagonist, theophylline, almost completely eliminates the second phase of the O2 increase observed with MFB stimulation (Figs. 4  and 5 ). Adenosine, a product of ATP hydrolysis, is a recognized dilator of cerebral blood vessels (Berne et aI., 1974) . Local cerebral blood flow in creases in response to infusion of adenosine or adenosine agonists, an effect reversed by adenosine receptor antagonists (Van Wylen et aI., 1989; Wahl and Kuschinsky, 1976) . In addition, adenosine lev els increase as a result of neuronal activation. Elec trical stimulation enhances release of ['4C]adenos ine from guinea pig cortical slices incubated with ['4C]adenine (Pull and McIlwain, 1972) , and in creases the concentration of adenosine in rat corti cal tissue over twofold (Rubio et aI., 1975) . Simi larly, extracellular levels of adenosine increase fourfold with local potassium ion infusion in rat cau date nucleus (Van Wylen et aI., 1986) . Taken to gether, these results suggest that an increase in adenosine in the extracellular fluid with neuronal activation causes vasodilation, which leads to the second increase in O2 measured in extracellular fluid.
The striatum is rich in acetylcholine, which also can have a vascular effect. The presence of signif icant numbers of muscarinic receptors on bovine intercerebral microvessels has been demonstrated with in vitro radioligand binding studies (Estrada and Krause, 1982) . Acetylcholine can cause vasodi-lation of preconstricted isolated rat intracerebral ar terioles (Dacey and Bassett, 1987) . In our study, the muscarinic antagonist atropine partially attenuated the initial phase of the O2 increase caused by stim ulation, consistent with a transient increase in local cerebral blood flow due to vasodilation by acetyl choline. Other factors such as changes in local pH and increased K + fluxes may also play a role in the observed first phase (Moghaddam and Adams, 1986; Nicholson, 1984; Pickard, 1987) .
We have not explored experimentally the neuro nal circuitry which gives rise to the acetylcholine mediated response of O2, That the change in O2 occurs during stimulation suggests that direct acti vation of a specific pathway mediates the effect. The dopaminergic nigrostriatal neurons stimulated in the MFB terminate on cholinergic interneurons, but the absence of an effect of a-methyl-p-tyrosine suggests that these striatal cells are not the origin of the observed muscarinic vascular effect. Ascending cholinergic tracts have been documented (Mesulam et aI., 1989) : one projection that MFB stimulation could activate originates in the pedunculopontine tegmental nucleus (Woolf and Butcher, 1986) . Since MFB stimulation activates a number of neuronal circuits, O2 increases found in the frontal cortex are not unexpected (Fig. 6D) . The response, delayed in a manner similar to the theophylline-sensitive phase in the caudate nucleus, is consistent with the exis tence of a minor projection from the ventral tegmental area to various regions of the cortex via the MFB (Nieuwenhuys et aI., 1982) .
The data reported here are consistent with the general view that an increase in local cerebral blood flow accompanies increased local metabolic activ ity. In the resting brain, a close correlation exists between the local cerebral metabolic rate of glucose and blood flow as demonstrated with both auto radiographic (Sokoloff, 1981) and tomographic techniques (Fox et aI., 1988) . Pharmacological manipulations such as Ca 2 + antagonism (nimo dipine; Mohamed et aI., 1985) or inhibition of firing (-y-hydroxybutyrate; Kuschinsky et aI., 1985) change local blood flow and local glucose utilization markedly with respect to control values, yet the correlation continues to be manifested. Similarly, visual stimulation leads to a proportional local in crease in blood flow and glucose metabolism in vi sual cortex relative to nonstimulated regions as measured during a 40-s tomographic scan (Fox et aI., 1988) . In the resting brain a similar correlation between local O2 metabolism and local blood flow has been shown to exist from region to region (Leb run-Grandie et aI., 1983; Raichle et ai., 1976) . Dur ing neuronal activation, however, the increase in cerebral metabolic rate of O2 is less than the in-crease in local metabolic rate of glucose and blood flow as measured with tomography (Fox and Ra ichle, 1986; Fox et ai., 1988) . Thus, an increase in blood flow appears to be partially uncoupled from an increase in the rate of oxidative metabolism. One consequence of this uncoupling is that local O2 lev els in the extracellular fluid should increase during stimulation. Our in vivo results, and those in the cat cortex described above (Leniger-Follert and Lub bers, 1976) , are consistent with this view. However, the results in the slice, where blood flow does not occur, clearly show that induced neuronal activity does result in increased oxygen consumption (Kennedy et aI., 1992) . Thus, while anaerobic me tabolism may increase during neuronal activity, as implied by the tomographic results and measure ments of lactate by intrastriatal dialysis (Kuhr and Korf, 1988) , the major change observed in the ex tracellular fluid for oxygen is due to increased blood flow during stimulation of the intact brain.
